ABSTRACT: Understanding how interacting abiotic and biotic factors influence colonization rates into different habitat types is critical for both conserving and controlling species. For example, the rapid global spread of Asian tiger mosquitoes, Aedes albopictus, has reduced native species abundances and produced disease outbreaks. Fortunately, bacterial endospores of two Bacillus species (biospesticide) are highly lethal to Ae. albopictus larvae and have been commercially developed to reduce populations. Oviposition habitat selection is the first defense Ae. albopictus females possess against any control substance added to breeding sites, and considerable variation exists in their response to biopesticides. In a field experiment, I crossed the presence/absence of biopesticides, with two canopy (open, closed) and water (high, low) levels at 64 breeding sites, to examine if these interacted to influence oviposition site choice. Avoidance of biopesticide was most pronounced in closed canopy sites and those with low water levels, as all main effects and two-way interactions influenced oviposition. Oviposition habitat selection represents a possible mechanism of resistance to biopesticides and other methods used to kill mosquito larvae. Future experiments examining how larval density and mortality modify these results should allow for more effective control of this highly invasive species. Journal of Vector Ecology 42 (2): 319-324. 2017.
INTRODUCTION
Dispersal among habitat patches affects population dynamics, community structure, and rates of energy and nutrient fluxes (MacArthur and Wilson 1967 , Hanski 1997 , Kraus and Vonesh 2010 . Many organisms move through landscapes and colonize sites non-randomly by choosing or avoiding habitats based on their fitness consequences (Fretwell and Lucas 1969 , Blaustein 1999 , Resetarits et al. 2005 . These habitat selection behaviors generate pronounced spatial differences in diversity equaling and interacting with post-colonization mortality Resetarits 2007, 2009 ). In taxa lacking parental care, oviposition habitat selection is particularly important, as choosing sites for egg and larval development greatly influences fitness (Bentley and Day 1989 , Resetarits and Wilbur 1989 , Blaustein 1999 , AlbenySimões et al. 2014 , Day 2016 .
Oviposition habitat selection combines the demographic rates of immigration and birth into a single metric and determines environmental factors experienced by offspring Resetarits 2009, Vonesh and Kraus 2009) . A detailed understanding of which specific factors stimulate oviposition into different habitat types is critical for species conservation or reduction Blaustein 2011, Murrell et al. 2015) . For example, the recent and rapid spread of Aedes albopictus represents a significant ecological and economic threat given their ability to transmit disease and replace native species Lounibos 2005, Vanlandingham et al. 2016) . Considerable research has examined how Ae. albopictus and other disease-carrying Aedes females select and choose among larval habitats (Vonesh and Blaustein 2011 , Reiskind and Zarrabi 2012 , Albeny-Simões et al. 2014 . How ovipositing females detect and respond to multiple interacting factors defining a larval habitat is less understood but important to facilitate population reduction (Bellile and Vonesh 2016, Fader 2016) .
Small, artificial bodies of water are common Ae. albopictus larval sites, allowing for high abundance and rapid range expansion in urban and suburban areas (Faraji and Unlu 2016) . Factors that increase larval mortality are important for controlling Ae. albopictus and other mosquito species (Lacey 2007) . For example, Bacillus thuringiensis israelensis (BTI), and Bacillus sphaericus (BS) are highly toxic to larval Aedes mosquitoes and constitute the most common biopesticides used for reducing Ae. albopictus populations globally (Lacey 2007 , Poopathi 2012 . After ingestion by larvae, crystals on the bacterial endospores bind to and disrupt cell surface proteins in the intestine to induce rapid death (Poopathi 2012) . Responses of ovipositing females to biopesticides at larval sites have been enigmatic, with all possible outcomes (avoidance, no response, and attraction) being documented (Stoops 2005, Carrieri et al. 2009, Binckley and Thomas, in press ). The small size and sheer number of breeding sites generates much abiotic and biotic variation that could interact with biopesticides to influence oviposition habitat selection. This could explain intraspecific differences and improve our understanding of how females rank sites so to optimize vector control. For example, gradients of canopy coverage affect oviposition habitat selection in numerous amphibian and insect species Resetarits 2007, 2009) , while the size of lentic habitats is positively correlated with aquatic predator diversity and composition (Wellborn et al. 1996) . Thus, I examined if invasive Ae. albopictus females can detect the presence of biopesticides (BTI and BS) when laying eggs, and if their response is affected by forest canopy and water levels, two basic variables strongly affecting patterns of aquatic diversity (Wellborn et al. 1996 , Binckley and Resetarits 2007 , Werner et al. 2007 , McCauley et al. 2008 . 
MATERIALS AND METHODS
I established 64 mosquito larval sites along a forest-field boundary (Binckley and Resetarits 2007) at Arcadia University (Montgomery County, PA, U.S.A.) during September, 2011. Each site consisted of a 500 ml black plastic cup (Milne et al. 2009 ) with two tongue depressors, used as ovisticks, wrapped in a brown paper towel and secured with tape, inserted into cups to allow for oviposition. The forest was ≈60 years post-succession and dominated by tulip (Liriodendron tulipifera) and sugar maple (Acer saccharum) trees. The field was cut weekly by Arcadia staff and dominated by red fescue (Festuca rubra) grass.
Aedes albopictus dominate the study site from early to midsummer and continue to lay eggs into October (unpublished data). Eggs are laid above the waterline and hatch after a flooding event. Only two other mosquito species (Aedes japonicus and Culex restuans) oviposit in plastic cups at Arcadia. Both peak in abundance much earlier in the season (late spring for Ae. japonicus, early summer for Cx. restuans), and neither have been recorded to oviposit in September at the study site (unpublished data). For example, in the summer of 2011, only Ae. albopictus eggs were collected starting in mid-July (Binckley and Thomas, in press ).
Larval sites were arranged into eight spatial blocks of eight cups each with eight treatments per block ( Figure 1 ). I placed four cups per block 2 m from the forest edge in the open canopy with full sunlight and four the same distance in the woods (closed canopy, full shade). Blocks were ≈40 m apart, and cups within the same canopy treatment and block were established in a linear array ≈30 cm apart, each secured in a shallow dug-out hole (≈3 cm) to prevent tipping. Within each canopy treatment and block, I randomly assigned four treatments by crossing two water levels, low (125 ml) and high (335 ml) with the presence/absence of VectoMax, a commericial biopesticide containing both Bacillus thuringiensis israelensis and Bacillus sphaericus endospores. A dosage of 8 mg/liter was established by placing 0.16 g of VectoMax into a 20 liter container filled with creek water on September 5, 2011. The concentration used was within the range recommended by the manufacturer. Water levels were maintained by drilling four 1 mm drain holes at either 4 or 10 cm from the bottom of the cup. This provided ≈12 and 5.5 cm of ovistick length above the waterline for the low and high water treatments. Four blocks were established on September 8, 2011 and four on September 10, 2011, and all sites were checked daily for integrity. Sites were open to oviposition for seven days, at which time ovisticks were collected, returned to the lab, and eggs counted with a microscope. Average air temperature and total precipitation collected at the Philadelphia Airport during the experiment was 21.1° C and 1.6 cm, and water depth was not re-measured at the end of the experiment.
I analyzed the total number of Ae. albopictus eggs oviposited in each treatment using a split-plot ANOVA. Canopy was the whole plot factor with both water level and biopesticide as subplots. The model tested the effect of block, the main effects of canopy (Open, Closed), water level (Low, High), presence/absence of biopesticide, and all two-way and the single three-way interaction among main effects. Data were square root-transformed prior to analysis to 
RESULTS
A total of 1,733 Ae. albopictus eggs was collected and the spilt-plot ANOVA results are presented in Table 1 . All main effects and two-way interactions explained significant variation in the number of eggs oviposited. Larval sites lacking biopesticide (F 1,63 = 10.19, P = 0.0027), located under a closed forest canopy (F 1,63 = 33.65, P = <0.0001), and with low water levels (F 1,63 = 19.10, P = <0.0001), received significantly more eggs compared to those with biopesticide, an open canopy, and high water levels. More importantly, all two-way interactions were significant as preference for sites lacking biopesticide was most pronounced under a closed canopy (canopy X biopesticide, F 1,63 = 5.48, P = 0.0241, Figure 2a ) and with low water levels (water level X biopesticide F 1,63 = 4.63, P = 0.0373, Figure 2b ). Closed canopy sites lacking biopesticide received significantly more eggs than the other treatments in Figure 2a , which did not differ from each other (Tukey test, P = < 0.05). Sites with low water levels lacking biopesticide received significantly more eggs than other treatments in Figure 2b , which did not differ from each other (Tukey test, P = < 0.05). Furthermore, there was a strong preference for closed canopy sites with low water levels regardless of biopesticide (canopy X water level, F 1,63 = 6.40, P = 0.0153, Figure 3a ), as these received significantly more eggs than other treatments (Figure 3a) , which did not differ from each other (Tukey test, P = < 0.05). The threeway interaction among main effects was not significant (F 1,63 = 2.15, P = 0.1479), as the two-way interactions were not modified by the remaining third factor (Figure 3b ).
DISCUSSION
Aedes albopictus females appeared to have assessed at least three factors before deciding where to oviposit, and these interacted to influence the final site of egg deposition (Figures 2, 3) . If oviposition habitat selection reflects spatial differences in fitness (Sutherland 1996) , the significant avoidance of biopesticides by itself is not surprising, as Bacillus thuringiensis israelensis and Bacillus sphaericus alone or in combination, rapidly induce larval mortality (Wirth et al. 2004 , Poopathi 2012 . Potential for larval resistance is greatly reduced, as five different cell surface proteins are modified in the midgut by the combination of BTI and BS in VectoMax (Poopathi 2012) . At this study site, selection might be acting on egg-laying females to generate a behavioral resistance to biopesticide by avoiding treated areas to increase fitness. Oviposition habitat selection is the first defense females possess in response to any factor applied at oviposition sites to produce larval mortality (Binckley and Resetarits 2003, Binckley and Thomas, in press ). Further, the strength of this behavioral deterrent pathway was increased by two interacting factors that further influenced oviposition (Figures 2 and 3) .
Numerous amphibians and insects choose open canopy aquatic habitats to facilitate growth and reproduction (Binckley and Resetarits 2007 , McCauley 2007 , McCauley et al. 2008 . Avoiding these habitats could reduce mortality in both adult and larval mosquitoes that reside and oviposit in forests. Aedes albopictus are strongly associated with shade (Li et al. 2014 , Cianci et al. 2015 , Manica et al. 2016 ) and this behavior alone can reduce negative interactions with diverse assemblages of mosquito predators and competitors Resetarits 2007, McCauley et al. 2008) , while also decreasing desiccation risks, as open canopy sites are more likely to have higher rates of evaporation. Widespread use of small and artificial bodies of water for egg deposition further reduces negative biotic interactions as these generally contain fewer predators given their temporary nature (Wellborn et al. 1996) . This benefit could be further enhanced by the observed choice of low water level sites in this experiment. Together, preference for closed canopy habitats with low water levels is an effective anti-predator and competitor strategy whose availability amplified the avoidance of biopesticide (Figure 2 ). Preference for low water level treatments could also by explained by ovisticks having greater available surface area above the water, as females did not appear to use this space and clustered most eggs right at the waterline. Future experiments that do not confound water level and total surface area are needed.
Ovipositing mosquitoes respond to biopesticides with intraand interspecific variation ranging from avoidance to attraction (Stoops 2005 , Carrieri et al. 2009 , Nazni et al. 2009 ). For Ae. albopictus, the response magnitude is low compared to how other aquatic taxa strongly avoid predators and closed forest canopies when laying eggs (McCauley et al. 2008 , Binckley and Resetarits 2009 , Vonesh and Blaustein 2011 . Differences in methodology are numerous among these studies, and populations might also differ in history of exposure and genetic capacity to detect biopesticide. Stoops (2005) hypothesized that BTI darkened the water at oviposition sites in the lab, resulting in attraction if females use color for oviposition habitat selection. The breakdown of BTI has also been suggested to change bacterial communities or olfactory cues that mosquitoes could use for oviposition (Carrieri et al. 2009 ). Reported variation might also be explained by the highly context-dependent nature by which females rank breeding sites (Figures 2, 3) . Differing light and water levels could produce weaker biopesticide avoidance, as it was most pronounced when closed canopy breeding sites with low water were available (Figures 2, 3b) . That females strongly avoid biopesticides only when other highly attractive oviposition sites are accessible, exemplifies how behavioral decisions depend critically on the available options. Eliminating high quality habitats (closed canopy, low water, and lacking BTI and BS) is predicted to increase searching costs in females that delay oviposition attempting to locate sites producing higher fitness (Fretwell and Lucas 1969, Sutherland 1996) . If not found, females increase their use of the available lower quality breeding habitat, as time in search and delay mode decreases selectivity (Fretwell and Lucas 1969 , Sutherland 1996 . Closed canopy sites with low water and biopesticide could become ecological traps with increasing use when better habitats are not available, or begin to degrade in quality.
A detailed understanding of factors stimulating oviposition (Bentley and Day 1989, Day 2016 ) is needed if oviposition sites are to be converted into effective traps for vector control (Albeny et al. 2014, Bellie and Vonesh 2016) . The potential to weaken or even reverse biopesticide avoidance by the addition of multiple stimulants (Bentley and Day 1989 ) at breeding sites is unknown but important for managing Aedes species and the diseases they transmit. Determining if the active or inert ingredients comprising biopesticides produce an oviposition response Buck 2007, Vonesh and Kraus 2009 ) is also needed to examine if adding oviposition stimulants to inert compounds offsets avoidance. Furthermore, treatments likely generated many differences among sites (water temperature, reflectance, bacterial composition, etc.) that females could have used for oviposition habitat selection (Bentley and Day 1989 , Trexler et al. 2003 , Ponnusamy et al. 2008 , Reiskind and Zarrabi 2012 . Experiments of longer duration are also critical for examining if increasing egg/larval density and mortality in biopesticide treatments stimulate or deter ATM oviposition (Vonesh and Kraus 2009 , Kraus and Vonesh 2010 , Albeny et al. 2014 . Better control of this highly invasive species is possible with a detailed understanding of the proximate and ultimate cues used by females to assess oviposition sites.
